A theoretical model for oxygen transport assuming a series linkage of ventilation, diffusion, oxygen uptake by erythrocytes, cardiac output, and oxygen release was used to calculate expected values for maximal oxygen intake (VO2max) of patients with various pulmonary disorders 22 patients with either restrictive or obstructive ventilatory impairment were studied at rest and maximal exercise. When exercise measurements of maximal pulmonary blood flow (QCmax), oxygen capacity, membrane diffusing capacity for CO, pulmonary capillary blood volume, alveolar ventilation, and mixed venous oxygen saturation were employed as input values, predictions of VO2max from the model correlated closely with measured values (r = 0.978). Measured VO2max was 976+/-389 ml/min (45.3+/-13% of predicted normal), and VO2max predicted from the model was 1,111+/-427 ml/min. The discrepancy may in part reflect uneven matching of alveolar ventilation, pulmonary capillary blood flow, and membrane diffusing capacity for CO within the lung; uniform matching is assumed in the model so that mismatching will impair gas exchange beyond our predictions. Although QCmax was less than predicted in most patients (63.6+/-19.6% of predicted) the model suggests that raising QCmax to normal could have raised VO2max only 11.6+/-8.8% in the face of existent impairment of intrapulmonary gas exchange. Since pulmonary functions measured at rest correlated well with exercise parameters needed in the model to predict VO2max we developed a nomogram for predicting […] ABSTRACT A theoretical model for oxygen transport assuming a series linkage of ventilation, diffusion, oxygen uptake by erythrocytes, cardiac output, and oxygen release was used to calculate expected values for maximal oxygen intake (Vo2max) of patients with various pulmonary disorders. 22 patients with either restrictive or obstructive ventilatory impairment were studied at rest and maximal exercise. When exercise measurements of maximal pulmonary blood flow (Qcmax), oxygen capacity, membrane diffusing capacity for CO, pulmonary capillary blood volume, alveolar ventilation, and mixed venous oxygen saturation were employed as input values, predictions of Vo2max from the model correlated closely with measured values (r = 0.978). Measured Vo2m,a was 976±389 ml/min (45.34±13% of predicted normal), and VO2max predicted from the model was 1,1114427 ml/min. The discrepancy may in part reflect uneven matching of alveolar ventilation, pulmonary capillary blood flow, and membrane diffusing capacity for CO within the lung; uniform matching is assumed in the model so that mismatching will impair gas exchange beyond our predictions.
(45.34±13% of predicted normal), and VO2max predicted from the model was 1,1114427 ml/min. The discrepancy may in part reflect uneven matching of alveolar ventilation, pulmonary capillary blood flow, and membrane diffusing capacity for CO within the lung; uniform matching is assumed in the model so that mismatching will impair gas exchange beyond our predictions.
Although ocma. was less than predicted in most patients (63.6± 19 .6% of predicted) the model suggests that raising Qcmax to normal could have raised VO2max only 11.6±8.8% in the face of existent impairment of intrapulmonary gas exchange.
Since pulmonary functions measured at rest correlated well with exercise parameters needed in the model to predict Vo2max we developed a nomogram for predicting Vo2m,x from resting CO diffusing capacity, the forced one second expired volume, and the resting ratio of dead space to tidal volume. The correlation coefficient between measured and predicted Vo2max, by using this nomogram, was 0.942.
INTRODUCTION
One of the most distressing aspects of chronic lung disease for the patient is the reduced capacity for exercise. Measurements of pulmonary function are used widely to detect lung disease, to estimate the pattern and severity of functional involvement, and to follow the course of disease and response to treatment; but in spite of sophisticated measurements we still cannot objectively judge whether a given pattern and severity of functional abnormalities can account for a patient's reduction in exercise capacity. Our purpose has been to examine the utility of the simple hypothesis that impaired lung function limits exercise by imposing a bottleneck in the chain of oxygen transport, thereby restricting the maximal rate of oxygen delivery to exercising muscle. We (1) constructed a mathematical model of oxygen transport as a simple series linkage of ventilation, diffusion, blood flow, and tissue oxygen release, (2) employed this model in patients with a variety of lung disorders to predict a theoretical maximal oxygen intake (VO2max)1 based on measurements of ventilatory capacity, and the ratio of dead space to tidal volume (VD/VT) assuming normal maximal cardiac output and tissue oxygen release, and (3) compared the predictions with experimental measurements. Except for the inhomogeneity implied by an increased ratio of VD/VT we have assumed homogeneous matching of blood flow, ventilation, and diffusing capacity throughout the lungs. By measuring blood gases and cardiac output at peak exercise in the same patients, it has been possible to examine some sources of discrepancy between prediction and measurement. Finally, we have examined the reliability of using resting measurements of lung function in this model as a means of estimating exercise impairement attributable to the lung.
METHODS
Theory. This is an extension of previous theoretical considerations of oxygen transport in normal persons at high altitude (1) and is similar to the approach proposed by Shephard (2) . The major links in the chain of oxygen transport from the lungs to the cells are (1) ventilation, (2) diffusion, (3) oxygen uptake by erythrocytes, (4) distribution by the cardiac output, and (5) extraction by the tissues. The mathematical interrelationships that govern the linkage of these steps are summarized as follows: the relationship among alveolar oxygen tension (PAO2), alveolar ventilation (VA), and oxygen consumption (Vo2) may be expressed by the following modification of the alveolar air equation:
Equation 1 defines a linear relationship between PAo2 and Vo2 for any given level of VA and respiratory quotient (R) under steady state conditions and simply states that for fixed levels of VA and R the oxygen consumption can be increased only at the expense of a falling alveolar oxygen tension.
The time interval (t) required for the oxygen saturation (So2) of blood passing through the lung capillaries to rise between that in mixed venous and end-capillary blood can be estimated as follows (3, 4) :
X dSco2/ (PAO2 -PCo2)]1 (2) where t = time interval in minutes; cap = oxygen capacity of blood in ml 02 per 100 ml of blood; Sco2 = fractional oxygen saturation of capillary blood in the lung; Svo2 = fractional mixed venous blood oxygen saturation; Sc'02 = fractional end-capillary blood oxygen saturation in the lung; Vc = pulmonary capillary blood volume in milliliters; DMO2 = membrane diffusing capacity for oxygen in milliliters/ minute per mm Hg 02 tension difference across the alveolar capillary membrane; 002 = specific rate of 02 uptake by erythrocytes in capillary blood in ml 02 uptake per minute per milliliter of blood per mm Hg 02 tension difference between plasma and the intracorpuscular hemoglobin; PAo2 -Pco2 = difference between alveolar and intra-corpuscular 02 tension in mm Hg.
Vc, pulmonary capillary blood flow (Qc), and transit time (t) are related as follows:
Qc (VC)/t
The Fick equation states that V02 = Qc(Sc'o2-SVo2)(cap)/100 (4) Combining equations 3 and 4 V02 = Vc(Sc'2-SVo2)(cap)/1OOt
(5) The mixed venous oxygen saturation in equation 5 is determined in part by how efficiently the cardiac output is distributed with respect to regional oxygen consumption and in part by regional capillary densities which regulate the endcapillary oxygen tension that can be sustained at a given oxygen consumption. At peak exercise normal persons can release to the tissues 70-80% of the oxygen that is delivered Table I were employed in the model. Later approximations to these input parameters (right hand column of Table I ) were employed to derive a nomogram for predicting VO2max from resting lung function.
Experiments. Table II lists the physical characteristics and diagnoses of the study patients. The 22 patients included 9 women and 13 men. One (J. J.) was studied twice over 9 yr, making a total of 23 studies. Six of the patients had chronic obstructive pulmonary diseases, eight had sarcoidosis of varying severity, three had interstitial fibrosis of unknown etiology, three had extensive pulmonary resections for tuberculosis, one had advanced inactive tuberculosis with diffuse interstitial fibrosis, and one had a unilateral hyperlucent lung. The average was 39.3 yr with a range of 18-69 yr.
Only one patient (E. T.) had evidence of primary heart disease (severe coronary artery atherosclerosis without occlusion or infarction) proven later at postmortem (5) .
Each patient underwent an exercise training program of at least 3 wk duration or until a reproducible maximal work load was achieved. Some results in eight of these patients (footnoted in Table II ) have been reported in earlier studies from this laboratory (4, 6) . Training and exercise during the studies were performed either on a motor-driven treadmill or on a Monark bicycle ergometer (Monark-Crescent AB, Varberg, Sweden) with patients breathing room air (Plo2 -150 mm Hg) or 100%o oxygen from a reservoir bag. The maximal oxygen consumption was defined as the oxygen uptake during the last minute of the heaviest work load that could be sustained for 3.5 min on the treadmill or for 5 min on the bicycle ergometer (7). Expired gas was collected in a Maximal O Consumption in Lung Disease 881 gasometer. An arterial sample was obtained near the midpoint of the last minute of exercise. A calibrated Beckman model 160 blood gas analyzer was utilized to determine arterial blood pH, Po2, and Pco2. Oxygen saturations were determined with an American Optical reflection oximeter in some patients; in others oxygen saturations were calculated from oxygen capacities and contents measured by Van Slyke analysis. Cardiac outputs were performed in some patients at rest and exercise with indocyanine green dye by the dyedilution technique during the last min of the expired gas collection. Spirometry was performed with a Stead-Wells spirometer. The total lung capacity and subdivisions of the lung volume were determined from the spirometry and the functional residual capacity determined by the volume plethysmograph method of DuBois et al. (9) . The diffusing capacity of the lung and pulmonary capillary blood flow were determined at rest by a single-breath method described in detail elsewhere (4, 10) . At peak exercise DLco and Qc were measured either by the breath-holding method or by a modification of the rebreathing method described by Lawson (11) . Alveolar volume during breath-holding was estimated by single breath neon dilution. Measurements of DLco were repeated at low and high oxygen tensions so that membrane diffusing capacity (DMco) and Vc could be estimated (12) . RESULTS Lung volumes at rest and measurements of diffusing capacity, pulmonary capillary blood volume, flow, and heart rate at rest and peak exercise are listed for each patient in Table III . Ventilation, blood gases, pH, and gas exchange measurements at rest and exercise are given in Table IV. The patients have been separated into two groups, one including those having lung disorders associated with predominantly obstructive ventilatory defects, and the other those having disorders associated with predominantly restrictive defects and loss of diffusing capacity. Both VO2max, the average being 44.3% of that predicted for normal subjects of similar sex, age, and weight (13) . Both groups showed similar drops in arterial oxygen saturation from rest to exercise. However, those with obstructive defects developed CO2 retention at peak exercise associated with a fall in alveolar oxygen tension and those with predominantly restrictive disease generally had normal or low arterial CO2 tensions during exercise with a normal or high alveolar oxygen tension. The relationship of pulmonary blood flow to oxygen consumption was normal or slightly high in most patients (Fig. 1) (Table I ) measured at peak exercise for making our predictions (prediction no. 1 in Fig. 2 ), highly significant correlations were obtained between measurements and predictions of V02max, PacO2, PAo, and Sc'o2. The model could account for most of the observed reduction in VO2mx as well as for most of the variance among subjects (r = 0.978). To examine how critical each step in the oxygen transport chain was in reducing Vo2max and in explaining the variances in PAo2, Paco2, and Sc'o2 at peak exercise, we repeated the predictions in each patient by successively employing normal input parameters in the model for maximal pulmonary blood flow (Qcma), Vi. Normal predicted Qcmax was calculated from the Fick equation assuming a normal predicted VO2max (13) and a pulmonary arteriovenous oxygen difference at peak exercise of 15 ml oxygen/100 ml of blood. mixed venous oxygen saturation (Si1o2), dead space fraction (VD/VT), maximal ventilation (VEmax), and diffusing capacity (DMCO and Vc) in place of those which were actually measured; averages of the results for each of these successive predictions are summarized in Fig. 2 along with the correlation coefficients between measured and predicted values. The Vo2max predicted by the model progressively increases in Fig. 2 input data derived from actual measurements at peak exercise, the average prediction of VO2maX from the model was 1,111±427 ml/min (prediction no. 1 in Fig. 2) , a 52% reduction. Thus about 12% of the measured reduction (i.e., (59 -52)/59 X 100) remains unexplained by the model. One source for error between predictions by the model and actual measurements arises because the model assumes uniform distribution of DL, Qoc, and VA within the lung. Uneven distribution of these functional capacities with respect to each other reduces efficiency of gas transfer and will cause the measured Vo2., to fall short of that predicted. We employed measured VD/VT ratio in the prediction to partially correct for inefficient gas exchange due to functional inhomogeneity.
Another source of systematic error in predictions may arise from potential errors in measurement of DLCO caused by inhomogeneity of diffusing capacity per unit lung volume (DLco/VA) (20) and by alveolar sampling that is not representative of the lung as a whole. Systematic sampling errors were probably not large in the patients with predominantly restrictive disease since the breath-holding estimates of alveolar volume (mean VA = 3.2940.79) by single breath neon dilution during DLco measurements closely corresponded to plethysmographic measures of total lung capacity (mean total lung capacity (TLC) = 3.42±0.77); the correlation coefficient between paired estimates of TLC and VA is 0.855 implying that the samples were generally representative of the lung as a whole. Systematic underestimates of both Qc and DLCO from sampling errors are more probable in the obstructed patients in whom single-breath estimates of alveolar volume (5.76± 1.85) were systematically lower than nitrogen washout and plethysmographic measures of TLC (7.72± 1.28) by about 29%; this should cause both Qc and DLco to be abnormally low; in these instances the measured DLCo and Qoc may only reflect those portions of the diffusing capacity and blood flow which are available for gas exchange (2) . Another source of systematic error might arise from uncertainty in the estimate of DLO2 from measurements of DLCO. Values of 002 reported by Staub et al. (3) may be too high (23) . If so, our predictions of Vo2m.
would be too high. There also are uncertainties in the value of Oco employed to calculate DMCO since the relative permeability (X) of the erythrocyte membrane to the erythrocyte interior for CO and for 02 remains uncertain. We used a middle value (X = 2.5) for calculating Oco; variations in X between co and 1.5 cause a ±412% uncertainty in our average estimate of DMco.
Most aspects of oxygen transport at exercise, both repiratory and circulatory, have been affected in these patients; hence, a primary source of disability may not be evident. The model, however, provides a theoretical Furthermore raising the peripheral oxygen extraction from the average of 69% of that delivered to a normal 75% increases the average predicted Vo2max only 76 ml/min more. Assuming that 75% of the oxygen delivered is extracted in the tissues is arbitrary and we could have assumed instead some minimum mixed venous oxygen tension at peak exercise; however allowing mixed venous oxygen tension to vary between 25 and 10 mm Hg only changes the predicted V02m,.
between 1,163 and 1,393 ml/min. Thus, over a wide range the assumptions about mixed venous oxygen saturation or Po2 are not critical and an 80% increase in circulatory transport capacity in these patients could have afforded only about a 20% increase in oxygen consumption whether circulatory transport is increased by raising cardiac output or by more complete extraction of oxygen in tissues. These results suggest that at peak exercise most of the patients were operating near the upper limit of oxygen transport imposed by impaired lung function so that any enhancement of oxygen transport capacity expected from further increments of cardiac output and/or oxygen extraction would be largely offset by more desaturation of arterial blood. This is illustrated in Fig. 2 by the sharp fall in Sc'o2 between predictions 1 and 3 in the face of small increments in predicted Vo2max and explains why pre- The cause for the low maximal cardiac output in these patients is not clear. The average slope of the relationship between pulmonary blood flow and oxygen consumption was normal, though in some patients the pulmonary blood flow tended to be slightly high for the level of oxygen intake (i.e., the intercept of the relationship was shifted). These data are consistent with those of Wade and Bishop indicating that cardiac output remains normal with respect to oxygen consumption in most patients with alveolar capillary block syndrome and patients with emphysema (24) . The results also are consistent with those obtained in normal subjects exposed to chronic hypoxia at high altitudes who exhibit a low maximal cardiac output but a normal relationship between cardiac output and oxygen consumption (25, 26) . The low maximal cardiac output in our patients or that in normal subjects at high altitude may reflect in part the chronic restriction of activity imposed by impaired gas exchange, mechanical restriction imposed by an increased pulmonary vascular resistance, or premature curtailment of work load by subjective discomfort from the combined influences of increased work of breathing, hypoxia, and acidosis. A fourth possibility is suggested by the work of Liang and Hood (27) showing that peripheral oxygen consumption per se may be the primary drive determining the cardiac output; then if oxygen consumption is curtailed by a primary transport bottleneck in the lungs, a low maximal cardiac output would be an expected consequence. For example, if a fixed linear relationship is assumed between Qc and Vo2 in equation 4, Qcmax and Si7o2 can be eliminated as predicting parameters in the model; the model then predicts a reduction in Qcmax as a consequence of an imposed transport bottleneck in the lungs. But whatever the cause the low maximal cardiac output may be protective of vital organs since further increments of pulmonary blood flow or peripheral oxygen extraction in these circumstances may significantly aggravate arterial hypoxemia yet can achieve little further increase in oxygen delivery to exercising muscle.
The relative importance of uneven distribution of ventilation and perfusion as a source of impaired oxygen transport can be further assessed with the model by examining the sensitivity of predictions to changes in the assumed dead space ventilation. Hence, if in addition to the assumption of a normal Qcma and normal peripheral oxygen extraction we also assume an approximately normal ratio of VD/VT (0.25) the average VO2max predicted by the model further increases to 1,507:4576 ml/min (prediction 4 in Fig. 2 ) but even then there remain two-thirds of the measured reduction in Vo2mx which should have been evident in these patients even if there had been no reduction in maximal cardiac output and there had been approximately uniform matching of ventilation, perfusion, and diffusing capacity in the lung. Furthermore, the correlation between measured and predicted VO2m,,x remains high (r = 0.965) so that 93% of the variance in V02max is still explained by the model even when normal predicted levels of Qcmar, SiVo2, and VD/VT are substituted for those which were measured at exercise. Thus, most of the information pertiennt to predicting Vo2max in these patients and pertinent to explaining the variability among patients is available from the absolute reductions in diffusing capacity and ventilatory capacity.
The parameters used for making the above predictions were all obtained at exercise and the computations would be time consuming without a computer. For practical purposes we would like to estimate the limitation imposed by lung disease on maximal oxygen consumption from simple resting measurements of lung function without a computer and would prefer the simple measurement of DLCo rather than measurements of DMco and Vc for making predictions. Hence, we constructed a nomogram for predicting maximal oxygen consumption employing resting measurements of DLCo, FEV1, and VD/VT (Fig. 5) Vc/DMco; since Vc/DMco tends to be large with respect to 1/9O2 in the denominator (Vc/DMco in numerator and denominator tend to cancel) so that predictions from equation 9 are insensitive to errors in the assumed ratio of Vc/DMco (e.g., changing Vc/DMco from 2 to 3 causes the average prediction of V02.. in our patients to change by only 39 ml/min).
The average Vc/DMco at peak exercise in our patients was 2.75 which is close to the average of 2.3 seen in normal subjects. We assumed Vc/DMco to be 2.75 in constructing the nomogram.
Exercise DMco correlates closely with resting DLco (r = 0.954) and DMco -1.80 DLco; hence we substituted 1.8 DLco for DMcO in equations 7, 8, and 9. VAm,. in equation 7 was approximated by VAm. = 35 FEVI(1 -VD/VT). Normal Qcmax in equation 8 can be estimated from the normal predicted maximal oxygen consumption employing the Fick equation and assuming a pulmonary arteriovenous oxygen difference of 15 ml/100 ml of blood. With the above modifications, equations 7, 8 ,and 9 simplify to the following: PAO, = Pi02 [FEV1(1 -VD/VT)/DLCO) ] X V02/DLco (10) 'VO2/DLco = (cap) normal predicted Vo2.. S1° (11) The nomogram (Fig. 5) represents a graphic solution for these three equations. The curved isopleths radiating from the origin represent the relationships between PAO2 and Vo2/DLco for equations 11 
